Metamagnetism in antiferromagnets exhibits distinct critical behaviors and dynamics when invoking spin reversal and rotation. Here we show a 0.05% anisotropic strain suffices to in-situ modulate the metamagnetic critical field of the Mott insulator Sr2IrO4 by over 50%, enabling electrical switching of the transition. Resonant x-ray scattering and model simulation reveal that the transition is completely tuned from the spin-flop to spin-flip type as the strain introduces C4symmetry-breaking magnetic anisotropy. Simultaneous transport study indicates the metamagnetic responses are reflected in the large elasto-and magnetoconductance, highlighting the active charge degree of freedom in the spin-orbit-coupled Mott state and its potential for spinelectronics.
Metamagnetic materials characterized by significant changes of magnetization under magnetic field is an important gateway for fundamental studies of phase transition and criticality with significant potentials for applications 1 . The underlying competition between the Zeeman energy and the magnetic exchange interaction for the spin sublattice orientation provides a unique route to stabilize novel spin textures, such as spiral and helical magnetic structures 2 . It could also enable control of the antiferromagnetic (AF) order and spin dynamics for the emerging field of AF spintronics [3] [4] [5] [6] . However, controlling metamagnetic transition has yet been challenging. Varying magnetic field and temperature are the two most common methods but not ideal for applications 7 .
Fundamentally, metamagnetism critically depends on spin anisotropy, which determine whether the moments response to the magnetic field by spin reversal or rotation. This generally categorizes the metamagnetic transition of antiferromagnets into the spin-flip and spin-flop types for systems.
The former involves a sudden flip of half of the AF spins when the magnetic field is parallel to the easy axis, whereas the latter undergoes spin rotation first to the hard axis and then gradually towards the field. In addition, when the field is perpendicular to the easy axis, metamagnetic transition will become a continuous type of spin rotation. The spin-flip transition is thus often first order, whereas the gradual spin rotation of the spin-flop and continuous types are second order.
Anisotropy can thus afford an effective knob for tuning metamagnetism, but it is also difficult to control to substantial extension since its energy scale largely determined by spin-orbit-coupling (SOC) strength and lattice symmetry.
Sr2IrO4 is a representative iridate compound with an interesting quasi-two-dimensional pseudospin-half AF Mott insulating state [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . In particular, by stabilizing the pseudospin-half state, the strong SOC of Ir plays a profound yet often hidden role in the low-energy physics, such as the large anisotropic exchanges that are symmetry-invariant and have no contribution to the magnetic anisotropy 11, [20] [21] [22] . Indeed, Sr2IrO4 exhibits incredible phenomenological analogy to the weakly spin-orbit-coupled high-Tc cuprates [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . Figure 1a shows the tetragonal crystal structure of Sr2IrO4 and its magnetic structures below TN~230K 8, 10 . The key role of SOC is to introduce canting of the in-plane AF moments. The canted moments of different Ir planes cancel each other out by stacking in a ↑-↑-↓-↓ sequence at zero field and are aligned through a metamagnetic transition triggered by an in-plane magnetic field H. Interestingly, this metamagnetic transition is accompanied with a giant magnetoconductance (MC) [34] [35] [36] [37] [38] [39] , indicating a strong charge response to the spin degree of freedom, which would be absent in a purely Mott-character insulator behavior.
Here we show that an anisotropic strain less than 0.1%, achieved through a piezo device, is sufficient to in-situ tune the metamagnetic transition among all the three regimes (spin-flop, spin-flip and continuous) in Sr 2 IrO 4 by controlling the C 4 -symmetry-breaking anisotropy. Our results show that the unique combination of strong SOC and weak incipient magnetic anisotropy [40] [41] [42] [43] lead to a remarkably efficient spin-lattice coupling that enables metamagnetic switching of not only the pseudospin ordering but also the electronic conductance in such a novel Mott state. The emergence of the spin-lattice coupling under the C4-symmetry-breaking field is consistent with the recently proposed pseudo-Jahn-Teller effect of spin-orbit-entangled correlated electrons 44, 45 . Sr2IrO4 single crystal were grown using a SrCl2 flux in Pt crucibles. Details of the growth procedure can be found in ref 50, 51 . The magnetization curve at 210K indicates the metamagnetic transition takes place at ~1000 Oe, where a significant increase is also seen in the MC curve, consistent with previous reports. For instance, a positive MC of ~10% is observed within ±250 Oe of the transition region. One may consider this MC as a spin-valve-like 52 behavior at the atomic scale, where the neighboring Ir planes with parallel canted moments pair up as one ferromagnetic (FM) slab (↑-↑ ⇀ ⇑), and the parallel (⇑⇑) and antiparallel (⇑⇓) configurations of the adjacent FM slabs create two conductive values as the "on" and "off" states. For simplicity, the two configurations are respectively denoted by FM and AF states hereafter. To introduce a symmetrybreaking anisotropic strain ε within the Ir plane, we mounted the sample onto a piezo actuator 53 with maximum deliverable strain ~0.1%. Surprisingly, despite such small strain strength, we found a robust and almost complete on-and-off switch of the conductance with H//b at 600 Oe (Fig. 1c) when alternating the piezo voltage between +100 and 0 V to stretch the sample along a-axis at 210 K. We further measured the actual strain induced in the sample with synchrotron x-ray diffraction (see supplement) and found the anisotropic strain to be ~0.05% at 100 V. This elastoconductance (EC) response indicates a highly efficient anisotropic strain-control of the metamagnetic transition by breaking the tetragonality of the layered structure. To shed light onto this strain effect, we performed a systematic MC study ( Fig. 2a ) at various strain values under the same geometry. A clear shift of the metamagnetic transition by hundreds of Oersteds can be immediately noticed. Figure 2b shows that the magnetic field HFM, where the transition fully enters the FM state, displays a large systematic decrease from 1500 to 600 Oe within the ~0.05% range of strain. Figure 2c shows a complementary result of EC by fixing H and continuously modulating ε via the voltage-control. The EC response is weak and linear at both large and small magnetic fields, but exhibits a highly nonlinear and asymmetrical behavior when H is near the transition region. In particular, the EC at 600 Oe reaches ~10%, almost matching the full conductance modulation across the transition (Fig. 1c) . The nonlinearity and asymmetry of the strain response is also manifested in the MC curves ( Fig. 2a top) as the transition region evolves from a gradual modulation at small strains to an abrupt jump at higher strains. This behavior is more evident in the derivative curves ( Fig. 2a bottom) , which show that the downshifting of the transition corresponds to the downshifting of the primary broad peak with the emergence of a second peak at lower fields, indicative of a two-step transition. As strain increases, the secondary peak grows, sharpens, and eventually becomes the primary peak with the original broad primary peak merging in and finally disappearing.
The complex responses of the metamagnetic transition indicates a nontrivial mechanism underlying the highly efficient strain-control. To gain microscopic insights, we performed x-ray resonant magnetic scattering (XRMS) at the Ir L 3 -edge under both strain and magnetic fields with in-situ conductance measurement ( Fig. 3a) . At 210 K, we observed the magnetic peaks corresponding to the two 90 o AF domains at zero field with the canted moments along the a-axis (AFa) and b-axis (AFb), respectively. When applying H//b (Fig. 3c) , the AFb domain are first gradually converted into the AFa domain. The magnetic peak of the FM state already emerges before this detwinning process is finished, but increases significantly only when the AFa peak intensity begins to decrease until the completion of the metamagnetic transition. This magnetic detwinning process is consistent with the previous report 45 but also displays a strong strain dependence. Interestingly, when increasing ε, both the AFb-to-AFa and AFa-to-FM processes are clearly sharpened, while being pushed toward higher and lower fields, respectively (Fig. 3d&e) .
The overall result is that the stable region of the AFa domains is strongly reduced and eventually diminished, driving the system into a new regime where the transition directly occurs between the AFb and FM state through a sharp jump (Fig. 3f) . In other words, the applied anisotropic strain detwins the AF domains but in a competing fashion against the magnetic field, which in turn 8 stabilizes the FM state at smaller H. The evolution from the AFb-to-AFa-to-FM process to the AFbto-FM process is well consistent with the two-step-to-one-step behavior of the transition from the MC analysis (Fig. 2b) . Indeed, MC (Fig. 3c-f ) is found to always closely follow the modulation of the FM peak under anisotropic strain. Given that the conductance is a good measure of the FM order, we constructed a ε-H phase diagram based on the MC and EC in Fig. 2 and designated the AF domains based on XRMS. The phase diagram shown in Fig. 4a clearly illustrates that the broad transition region corresponds to the gradual AFa-to-FM processes, which is suppressed by increasing ε and eventually removed at ε > 0.03%, giving rise to the downshifting and sharpening of the transition toward the AFb-to-FM jump. These different magnetic structure evolutions represent different types of the metamagnetic transition, which can be well captured in a picture where the applied strain efficiently modulates the uniaxial anisotropy. The AFb-to-FM jump is essentially a spin-flip transition, which occurs when the magnetic field is along the easy axis of an antiferromagnet, i.e., the b-axis in this case.
Due to the strong uniaxial pseudospin anisotropy, the only choice of the system is to flip half of the spins when the Zeeman energy gain is bigger than the inter-slab magnetic exchange energy lost. On the other hand, when the uniaxial anisotropy is weak, the system may first rotate all the spins by 90 o to enable canting and accommodate the Zeeman energy gain in the expense of the anisotropy energy. The canting angle continuously increases with the magnetic field until all the AF exchange energy is lost. This is the spin-flop-type metamagnetic transition, corresponding to the AFb-to-AFa-to-FM process. The observed gradual increase of the FM peak intensity at the expense of the AFa peak essentially reflects the change of the angle between the two slabs.
To be quantitative, we simulated the ground state phase diagram with a minimum model of a two-slab cell, where the free energy can be written as:
where represents the inter-slab exchange energy; 1 and 2 are the angles of the slab magnetization m with respect to H//b-axis; ℎ = is the Zeeman energy. and represent the strain-induced uniaxial anisotropy and the bi-axial anisotropy due to C4 symmetry, respectively.
The simulated − ℎ phase diagram in the unit of is shown in Fig. 4b, and reproduces the overall experimental results very well with spin-flip and spin-flop phase boundaries. The relative angle between the two slabs is indeed continuously modulated within the AFa state. This model further predicts that a broad continuous transition would occur at large but negative , which corresponds to an easy a-axis under a large negative ε. While negative ε is unreachable due to the voltage limit of the piezo actuator, we realize this scenario by simply applying H⊥b. We indeed observed from MC a significant broadening of the metamagnetic transition into an extended gradual process with HFM increased to ~2300 Oe (Fig. 4c) , which is four times of the HFM ~ 600
Oe with H//b. The ability of tuning the metamagnetic transition into all three regimes with ε<0.1%
demonstrates the high sensitivity of the pseudospin-half state to lattice modulation. One can see that is only ~10% of when entering the spin-flip regime, while ℎ/ is always ~1 near the transition. We estimated ~ 313 eV at 210 K (supplementary), rendering a small ~31 neV for full control of the transition under ε~0.5%. Given the fact that the transition occurs microscopically through the flip/flop of the staggered moment, the magnetoelastic coupling coefficient is extracted to be ~0.5 meV/μB 2 at 210 K. Its microscopic mechanism can be attributed to the recently proposed pseudo-Jahn-Teller effect, which is an extension of Jahn-Teller effect to spin-entangled orbital singlet 44, 54 . It was suggested that the AF order of Sr2IrO4 is accompanied with a ferro-pseudospin quadrupolar order that originates from mixing of pseudospin ground and excited states, and spontaneously breaks the C4 symmetry of the lattice, stabilizing an easy axis with orthorhombic distortion at the level of 10 -4 . The strain-induced pseudospin anisotropy here is essentially the demonstration of the inverse effect, where the AF order is controlled by continuous structural modulation of the pseudospin quadrupole. As shown, this mechanism is remarkably efficient, allowing exploitation of piezo-strain for effective electrical tuning of the spin-orbit and the metamagnetism.
It is interesting to highlight the fact that such in-situ strain-tuned metamagnetism of AF Mott insulating Sr2IrO4 is always accompanied with significant MC and EC responses. The charge hopping is clearly highly sensitive to the relative staggered moment orientation of adjacent layers, which is similar to La2CuO4 55 . Theoretical investigations beyond the effective spin model could lead to comprehensive understanding 56 . Our results demonstrated that the application of anisotropic strain is an appealing route to probe the rich physics of the spin-orbit-charge interplay.
One can anticipate interesting in-situ strain control of other static and even dynamic electromagnetic responses [57] [58] [59] [60] .
